Conversion of phase-slip lines into elementary resistive domains in a current-carrying 
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A nonmonotonic dependence of the differential resistance of the first step of a phase-slip line 
on the heat-reservoir temperature near T c has been observed experimentally for the first time in a 
superconducting tin film. This behavior is interpreted as a conversion of the phase-slip line into an 
elementary resistive domain as the result of a deviation from the isothermal conditions. 
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The mechanisms by which superconductivity is de- 
stroyed when a transport current is passed through a thin 
film are basically local mechanisms. Narrow films, whose 
width w is smaller than the coherence length £, strat- 
ify into so-called phase-slip centers in the process Q ■ In 
wide samples, an increase in the current is accompanied 
by a penetration of flux vortices from the edges of the 
film, near defects and irregularities. This effect results 
in a dissipation of energy and a local heating. Resistive 
regions or normal regions ( if the temperature rises to 
a value T m > T c ) which are nonequilibrium and non- 
isothermal but nevertheless localized form 0, The 
current-voltage characteristic of such a film is stepped 
and has a substantial thermal hysteresis. If the heating 
is moderate ( T m w To, where To is the heat-reservoir 
temperature), the film is unstable with respect to the 
formation of nonequilibrium, nearly isothermal regions of 
phase-slip lines: 2D analogs of phase-slip centers 0, 0|. 
The current- voltage characteristic of samples containing 
phase-slip lines is free of hysteresis and is stepped. It 
consists of a series of linear sections with differential re- 
sistances R n = nR , n = 1,2,.... The resistance Rq is 
determined by the resistance of the film in its normal 
state over a distance 21e, where Ie is the depth to which 
an electric field penetrates into the superconductor p(. 

When elementary resistive domains [6| form, the 
current-voltage characteristic may have qualitatively the 
same shape as for phase-slip lines. There is the distinc- 
tion that the depth to which the electric field penetrates 
upon the formation of the elementary resistive domains 
is different, and it depends on the heating and the heat 
transfer. In addition, a thermal hysteresis appears on 
the current-voltage characteristic in the presence of an 
elementary resistive domain 0. The formation of ele- 
mentary resistive domains experimentally is improbable. 
If the heat transfer is poor, one usually observes a co- 
alescence of the elementary resistive domains into large 
domains. The smallest resistive domains which have been 
observed consist of six to ten elementary domains. 

Phase-slip lines exist in only a narrow temperature in- 
terval 5], so neither the temperature dependence of the 
lines nor the changes caused in them by a deviation from 
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FIG. 1: Current-voltage characteristic of a sample at T = 
3. 86 A"; Io is the excess current. 

isothermal conditions have previously been studied. In 
the present letter we are reporting a study of these ques- 
tions. 

The preparation of the samples consisted of the fol- 
lowing steps: (1) vacuum deposition of tin to a thick- 
ness d k, 1000 A on silicon substrates; (2) photolithog- 
raphy to fabricate strips with a width w — 70 /im and 
a length I = 2 mm; (3) the formation of a channel w 1 
/im wide and « 200 A deep running across the strip, by 
electron-beam lithography and ion-beam etching. The 
lateral boundaries of the strip were modulated with an 
amplitude and a period of a few microns to facilitate the 
penetration of vortices. The channel served the same pur- 
pose. Experiments revealed that phase-slip lines could be 
observed even without the channel, but they were not as 
apparent in that case. 

We recorded current-voltage characteristics of the sam- 
ples, finding the temperature from the helium vapor pres- 
sure. Figure 1 shows a typical characteristic; it is what 
we would expect for phase-slip lines . There are linear 
regions of substantial width along the current scale; up 
to 20 distinct steps are observed. The resistance of the 
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FIG. 2: Temperature dependence of the average differential 
resistance. O, A - resistance of the first step, for two measure- 
ment cycles; open squares - difference between the resistances 
of the second and first steps. T c = 3.89 K. 

iVth step is N x Rq, where Rq is the resistance of the 
first step. As the temperature is lowered, this stepped 
structure persists, but a hysteresis appears. 

We calculated the resistance of region KL in Fig. 1 
from the slope of step Rq, and we calculated the dif- 
ference between the resistances of the second and first 
steps, R\ — Rq, as functions of the reservoir temperature 
T . The curves of R {T ) and Ri(T) - R (T ) are not 
monotonic (Fig. 2). In interval EC, the points of the 
two plots coincide, and the positions of these points re- 
main essentially unchanged as the temperature is cycled. 
Region CA has a significant scatter in resistances (Fig. 
2). 

In region ED, which is close to T c , we do not yet have 
any phase-slip lines. In region DC there is a multitude 
of phase-slip lines. 

For a quantitative analysis we use the expression ( || , 
for example) 

Rq = 2pJ E /wd, (1) 

where p n is the resistivity of the film in the normal state, 
and 

I e = \ e {1-t)- 1 '\ (2) 

Here r = T / T c and we assume T = Tq, since there is 
essentially no heating in interval DC; we thus have 

\ E = (vfIt/3) 1 / 2 . (3) 

Here v E — 7 x 10 7 cm/s is the Fermi velocity, and r E w 
3 x 10~ 10 s is the energy relaxation time for tin. The 



FIG. 3: Temperature dependence of the resistance of a phase- 
slip line (for interval CD in Fig. 2). 

mean free path I is usually found from the known value 
of p n l. However, there is a substantial scatter in the 
values of this quantity in the literature, so we use the 
electron specific heat 7 = 1030 erg/ (deg 2 cm 3 ). We 
also use the expressions k = 7.5 x 10 3 / o„7 1 / 2 and K = 
0.75 x \ L (0)/l, for the Ginzburg-Landau parameter [jj, 
where Ai,(0) is the London depth at T = 0. We thus find 
p n l w 1.6 x 10~ n f2 cm 2 . Using the experimental value 
/>„k3x 10~ 6 Vl cm for our samples, we find I w 500 A. 
Correspondingly, we have X E « 1.9 /im. Then we find 

R =R(0)(1-t)- 1 / 4 . (4) 

Here i?(0) = 2p n X E /wd. Calculations yield R(0) « 1.7 x 
10~ 2 n. 

Figure 3 shows a plot of R = Rq/(1Q ) (i.e., a di- 
mensionless quantity) versus (1 — r) in logarithmic scale 
for temperature interval DC. The experimental points 
conform to a straight line with a slope k « —0.26. A 
continuation of this straight line intersects the resistance 
axis at the point In R(0) ~ —4.1, from which we find 
i?(0) w 1.7 x 10 -2 Q. The experimental results thus not 
only confirm functional dependence (4) but also agree 
quantitatively with it. 

We know that resistive formations have two character- 
istic parameters: l E , the penetration depth of the elec- 
tric field, and At, the length scale of the temperature 
decay with distance from the center of the domain |J 0| . 
The dependence of l E on the parameters of a sample 
was found in 0, but that dependence does not apply to 
our films, which have a good heat transfer. We will ac- 
cordingly restrict our explanation of the behavior of the 
average differential resistance in region CA (Fig. 2) to 
a few qualitative comments. It is logical to suggest that 
the phase-slip lines become nonisothermal here and that 



3 



thermal processes play a governing role. Specifically, (1) 
the hysteresis increase in interval BA\ (2) the steps on 
the current- voltage characteristic become noticeably non- 
linear; (3) the resistance of the first step increases with 
decreasing temperature; and (4) estimates of At for the 
case of a slight heating (T - To <C To) in region CB show 
that At is on the order of Ie ■ This result means that de- 
viations from an isothermal situation have a substantial 
influence on the size of the resistive formations. For esti- 
mates of At here we used the expression At = (kd/H) 1 / 2 , 
where k » 3 x 10 -2 W/ {deg cm) is the thermal conduc- 
tivity found from the Wiedemann-Franz law, and H « 2 
W/(cm 2 deg) is the heat-transfer coefficient from [i"f1 |. 

In region CB we are thus witnessing a transition from a 
phase-slip line to elementary resistive domains. In inter- 
val BA, thermal processes are determining the behavior 
of the current-voltage characteristic. Here the resistance 
and the current at which the first step appears depend 
on the temperature in roughly the same way; specifically, 
they are proportional to (1 — t). It follows that the av- 
erage differential resistance is linear in the current. The 
increase in the resistance in this temperature interval is 
probably due to a growth of the domain, whose size is 
proportional to the current at which it appears. 
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